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SUMMARY 
Results of calculations to determine the composition and the thermodynamic, trans- 
port, and flow properties (including normal-shock properties) of gas mixtures are pre- 
sented. These properties are computed for methane burned in air enriched with oxygen 
so as to maintain approximately 20 percent oxygen in the combustion products. Results 
are presented for equivalence ratios of 0.315, 0.370, 0.425, 0.480, and 0.525, for pressures 
varying from 0.0001 to 1000 atmospheres and for temperatures from 1000 R (560 K) 
to 60000 R ( 3 3 0 0 O  K). 
INTRODUCTION 
In recent years, applications for materials capable of withstanding extremely high- 
temperature oxidizing environments and for airbreathing propulsion systems suitable for 
operation at hypersonic velocities have become increasingly more evident. Consequently, 
large-scale hypersonic test facilities capable of simulating flight environments have 
become necessary in the development of these advanced materials and propulsion systems. 
One method of providing the high stagnation temperature and pressure needed for flight 
simulation in a facility is through combustion heating of a high-pressure airstream. How- 
ever, combustion of fuel in the airstream requires consumption of some or all of the 
oxygen in the stream. In some test situations where it is desired to  maintain burning in 
the test gas or to  determine the effect of axidation on materials in the test gas, combustion- 
product oxygen percentages approaching those in air (approximately 20 percent by volume) 
are required. Therefore, the necessity for knowledge of the properties of a combustion- 
heated, oxygen-enriched test medium becomes evident. 
In the present paper the results of a study to determine the properties of the prod- 
ucts of methane burned with oxygen-enriched air are presented. This study parallels 
that of reference 1, which was  concerned with determining the properties of the products 
of methane burned with pure air. It should be noted that the results of the present study 
are generally applicable to  all situations in which corresponding gas mixtures of methane, 
air, and oxygen are present. 
I 
The general equations and the analytical approach used are presented. Because of 3 
I 
the preponderance of data, summarized results of the study are given in tables and figures. 
for  a temperature range from looo R (56O K) to 6000° R (3300O K), a pressure range from 
0.0001 to  1000 atmospheres (1 atm = 1 X 105 N/m2), and an equivalence-ratio range from 
0.315 to 0.525. The results include analytically determined values of gas constituency, 
molecular weight, isentropic exponent, specific heat, viscosity, thermal conductivity, and 
Prandtl number. Also presented are thermodynamic property diagrams for each of the 
selected equivalence ratios. Additional data giving the appropriate ratios of properties in  
front of, across, and behind a normal shock in the isentropically expanded combustion 
products are presented in  the tables. 
, 
I These results are presented as functions Gf temperature, pressure, and equivalence ratio, 
SYMBOLS 
The units used for the physical quantities defined in this paper a r e  given both in 
U.S. Customary Units and in the International System of Units (SI) (ref. 2). Appendix A 
presents factors relating these two systems of units. 
number of formula weights of equivalent reactant; also, cross-sectional 
area, ft2 (m2) 
velocity of sound, ft/sec (m/s) 
number of gram atoms of the elements H, 0, N, Ar, C 
hydrocarbon fuel containing n atoms of carbon and m atoms of hydrogen 
molar specific heat at constant pressure, Btu/mole-OR (J/mole-OK) 
specific heat at constant pressure, Btu/lbm-OR (J/kg-OK) 
free energy per formula weight of material, Btu/mole (J/mole) 
enthalpy, Btu/lbm (J/kg) 
thermal conductivity, Btu/ft-sec-OR (W/m-OK) 
Boltzmann's constant 
ratio of mass of oxygen in  air to mass of air 
C M  molecular weight 
Mach number NMa 






mass of excess oxygen available in combustion products, lbm (kg) 
ratio of mass of fuel to mass of oxidant at stoichiometric conditions 
Prandtl number 
number of moles; also, gram atoms of carbon 
number of moles of excess oxygen available in combustion products 
I P pressure, atmospheres 
I 
I 
, dynamic pressure, lbf/ft2 (N/m2) 9 
R universal gas constant, 1.98588 Btu/mole-OR (8.31432 J/mole-oK) 
Res equivalence ratio, (mf/ mx)/(mf/mds 
RSP specific gas constant, Btu/lbm-% (J/kg-OK) 
s entropy per mole, Btu/mole-OR (J/mole-OK) 
6 entropy per unit mass, Btu/lbm-oR (J/’kg-OK) 
T temperature, OR (OK) 
V velocity, ft/sec (m/s); ASO, volume, ft3 (m3) 
X mole fraction 
a =  (8 In M/8 In T)P 
= (a In M/8 In P ) ~  
3 
Y isentropic exponent, (a In p/a In p)s 
6 variation of AF/RT from equilibrium 
E Lennard-Jones force constant 
8 ratio of total moles of oxygen to moles of oxygen in air 
factor defined by equation (B18) 
I-1 viscosity, slugs/f t - se  c (N- s/m2) 
P mass density, slugs/ft3 (kg/m3) 
(T collision diameter of molecule, angstroms (m) 
4 
52 collision integral 
Subscripts: 
a air 
C combustion chamber 
EF equivalent formula 
e exit of nozzle 
f fuel 
i ith product of reaction 
1 
m atoms of hydrogen 
n atoms of carbon 
factor in viscosity formula, defined by equation (27) 
postcombustion specie or dummy index 
4 
4 



















absolute zero of temperature 
free-stream o r  preceding shock 
following shock 
Superscripts: 
0 thermodynamic standard state 
* throat 
ANALYTICAL APPROACH AND RESULTS 
The general equations for computing the combustion gas properties make use of the 
following assumptions: (1) The process is adiabatic; (2) the precombustion and postcom- 
bustion pressures are equal; (3) combustion occurs in a zero-velocity environment; (4) the 
gas is in chemical equilibrium; (5) the ideal gas equation of state is valid; and (6) only gas 
phases are considered. The equations are presented in the following sections of this 
paper to outline the general approach taken for  calculating the combustion gas properties. 
The results presented in the tables and figures are for a 20-percent-oxygen combustion 
gas. The equivalence ratios chosen for the study correspond to the equilibrium flame 
temperatures indicated in figure 1. These temperatures are typical of those needed for 
5 
* 
simulating the energy levels of lower hypersonic flight. The relative amounts of methane,, 
air, and oxygen required to achieve the flame temperatures shown in figure 1 are obtained 
as discussed in appendix B. 
The International System of Units (ref. 2) is used in the equations presented in the 
text. However, the primary system of units used in the figures is the U.S. Customary 
System since it was believed that this system is the one most commonly used to  present 
the applicable parameters. 
Gas Composition and Thermodynamic Properties 
Gas composition.- In the computation of the combustion gas composition, the general 
equation for the reaction is written such that the fuel and oxidant are expressed by an 
equivalent formula (that is, in the form of a single large molecule). The number of atoms 
of each element in this large molecule is the sum of the numbers of atoms of each element 
in the fuel and oxidant molecules. The chemical equilibrium equations for reaction prod- 
ucts are written under the assumption that the products are formed from their constituent 
gaseous atoms. 
The equations required in the composition calculations a r e  those describing the con- 
servation of mass, chemical equilibrium, Dalton's law of partial pressures, and the con- 
servation of enthalpy and entropy. The equations, as outlined in the following paragraphs, 
are developed in detail in references 3 and 4. 
Combustion at constant pressure: The elements involved in the reaction may be 
represented by an equivalent formula written as 
where a,, bo, co, do, and eo a re  proportional to the 
the elements hydrogen H, oxygen 0, nitrogen N, argon Ar, 
total number of gram atoms of 
and carbon C, respectively. 
For  example, the equivalent formula for 2CH4 + C2H4 is written as C4H12. 
as 
The equivalent formula representation of the equilibrium reaction may be expressed 
o r  
6 
' where A is the number of formula weights of the equivalent reactant and ni is the 
number of moles of the ith atom or molecule. The products of reaction are considered 
to be contained by a volume V which is numerically equal to RT, where R is the gas 
constant and T is the absolute temperature, so that pi = ni. 
The equations describing the relative amounts of each element in the combustion 
products can be written as: 
b =-c 1 bini 
A 
i 
where a, b, c, . . . are the gram atoms of the elements H, 0, N, . . . in each equiv- 
alent formula from which the reaction products are formed. For equation (2), the con- 
servation of mass is defined by the relations 
a = a o  7 
b = bo 
c = co 
- . - .  . . 
(4) 
Each reaction product can be considered as being formed from the gaseous atoms 
and can be written as 
If AF is defined as the change in free energy and AF/RT is represented by the symbol 
6, the change in free energy for each specie can be written as 
7 
where (AFO)i is the standard-state free-energy change across  the reaction. The stand- 4 
ard state of the reaction products is taken as 1 atmosphere. Fo r  constant temperature 
and pressure, must equal zero for the reaction to be in equilibrium. di  
The equation for Dalton's law of partial pressures is written as 
If a pressure po is assigned, then 
P = Po (8) 
The reaction is assumed to occur in a zero-velocity environment and therefore, the static 
pressure is equal to the stagnation pressure. 
The mole fraction Xi for each species in the products may be obtained from 
(9) 
"i xi = - 
2 ni 
i 
Species considered for the combustion products a re  listed in  table I. Curves showing 
mole fractions as a function of temperature for each species present a r e  given in fig- 
u re s  2, 3, 4, 5, and 6 for pressures of 0.01, 1.0, and 100 atmospheres. These pressures  
were selected to represent typical test-section, test-section recovery, and free-stream 
stagnation pressures, respectively, for a hypersonic test facility. 
The principle of conservation of energy states that if the chemical energy is included 
in the enthalpy of each element or  species, the enthalpy of the products of reaction is 
equal t o  the enthalpy of the reactants. The molar enthalpy 
defined as 
of a species of reaction is 
(10) 
(.d where ki) represents the molar specific heat at constant pressure, and 
represents the assigned reference enthalpy at 0' K for the ith specie. An assigned 
reference is used since only differences in enthalpy are to be utilized. The enthalpy of 
the reactants per mole of equivalent formula is 
i 
i i 
where nfi and n a re  the moles of the ith fuel and ith 
X i  
equivalent formula of the fuel and oxidant , respectively; and 
8 
' the molar enthalpies of the ith fuel and ith oxidant, respectively, The enthalpy of the com- 
bustion products per mole of reactants is written as 
Then, assuming consistent assignment of reference enthalpies, the requirement for &a- 
batic combustion at zero velocity is that 
(qc = 
Isentropic expansion to an assigned pressure: The entropy of the reaction products 
per mole of reactant is represented by the equation 
i 
where 
and (f$!)i is the absolute molar entropy of the ith product species at temperature T in 
the standard state. Then, for isentropic expansion to an assigned pressure, the entropy 
at any point during the expansion must be equal to the entropy preceding the expan- 
sion Sc. The entropy following combustion So may also be assigned. Therefore, 
Se 
Appendix B presents an example of the equivalent formula approach used to obtain 
the gas composition and the procedure used for determining the computer program input 
data for this study. 
Thermodynam ic properties.- With the composition known, other thermodynamic 
properties can be calculated. 




where MEF is the equivalent formula molecular weight. Figure 7 presents curves of 
molecular weight plotted as a function of temperature for lines of constant pressure for 
the selected equivalence ratios. 
’ 
The equation of state is then written as 
(18) p=-  PRT 
M 
Presented in figure 8 a re  thermodynamic property diagrams of enthalpy in the 
form H - Ho as a function of pressure for lines of constant temperature and entropy 
for  the selected equivalence ratios. For convenience the entropy is nondimensionalized 
as S/Rsp,r* Applicable values of the equivalent reactant specific gas constant Rsp,r 
are indicated in  the figures. Further discussion on the method for obtaining Rsp,r is 
included in appendix B. 
In this study, three key thermodynamic first partial derivatives a r e  selected as a 
basis upon which the other partial derivatives can be written: (aH/aT)p, (a In M/a In T)p, 
and (8 In M/a In p ) ~ .  A summary of some of the other derivatives is presented in the 
following discussion. Further 
Taking the logarithms of 
derivative of molecular weight 
details and derivations may be found in reference 4. 
equation (17) and differentiating gives the following partial 
with respect to temperature at constant pressure: 
The partial derivative of molecular weight with respect to pressure at constant temper- 
ature can be written as 
The specific heat at constant pressure per mole of reaction products is defined as 
cp 0 = -(-) A aH 
n aT 




b The specific heat at constant pressure for the subject products of combustion is plotted 
in figure 9 as a function of temperature for lines of constant pressure. The plots are 
presented for the selected equivalence ratios. 
The isentropic exponent y is represented as 
Plots showing the isentropic exponent as a function of temperature are presented in fig- 
ure 10 again for the selected equivalence ratios. 
Transport Properties 
Viscosity.- From references 1 and 5, the absolute viscosity for all species except 
H 2 0  may be computed from 
where (J is the collision diameter of the molecule in angstroms and 51 is the collision 
integral. Table 11 lists the values of 52 obtained from reference 6 where hz is tabulated 
as a function of H/E. The symbol k represents the Boltzmann's constant and E 
represents the Lennard-Jones force constant. Values of cr and E/k for the species 
were obtained from references 5 and 6 and a r e  reproduced in table I. Values of (IT and 
E/k for the species CH, NH, N, and C (gas) were not available. However, these species 
represent a small percentage of the product gas and therefore should have little effect on 
the transport properties. 
The viscosity of the species H20 can be written as (see ref. 1) 
- 
2.563WT x 10-6 (T 5 13000 K) (24) 
1 +-x 10 T 
P(H20) = 
1371 -37.4/T 
and the viscosity of the gas mixture can be represented by the equation 
where 
Thermal conductivity. - From reference 1, an approximate relation for thermal 
conductivity K of gaseous mixtures is the Eucken equation 
where Rsp is the specific gas constant and is represented by 
R Rsp = -  M 
Prandtl number.- The equation for Prandtl number is 
Curves of viscosity, thermal conductivity, and Prandtl number are presented in figures 11, 
12, and 13, respectively. They are plotted as a function of temperature for lines of con- 
stant pressure and the plots are shown for the selected equivalence ratios. A s  can be 
noted in figure 11, viscosity is relatively insensitive to pressure over the pressure range 
from 0.0001 to 1000 atmospheres. 
Flow Properties 
In order to make the properties of the oxygen-enriched combustion products useful 
for test-facility o r  other applications, the properties of the gas along the nozzle and at the 
nozzle exit o r  test-section entrance must be determined. The equations describing one- 
dimensional flow properties, including normal-shock properties, a r e  summarized in the 
following paragraphs. They are derived from the basic conservation of mass, momentum, 
and energy relations and a re  based on the assumptions of isentropic expansion and chemi- 
cal equilibrium during expansion, and the premise that dissociation during expansion is a 
function of temperature only, that is, p = 0. In the thermodynamic property diagrams 
(fig. a), the condition that p = 0 is restricted to the regions in which the constant- 
temperature lines a re  approximately parallel to the ordinate. The solution of these equa- 
tions requires tables of Rsp, cp, and y as functions of T. The values of these param- 
e te rs  may be chosen at any pressure compatible with the assumption that p = 0. 
12 
C Free-stream properties.- The general equations for the free-stream gas proper- 
ties are #e same as those given in reference 1. They are repeated herein for convenient 
reference and are as follows: 
L J (3 5) 
A s  noted in reference 1, T4 in equation (37) is not an explicit function since the 
integral contains T4 as the lower limit. Since the equation is also not amenable to 
solution by the process of direct iteration, the procedure used is to assume a value of T* 
known to be greater #an the actual value of T+, and to decrease this assumed value by 
13 
50 K decrements until the difference between the assumed value and the calculated value 
changes sign. T h i s  procedure gives a value of T* within 50 K of the actual value. 
~ 
Properties following a normal shock. - Once the free-stream properties along the 
nozzle are known, the properties following a normal shock can be computed. The pro- 
cedure used in this study is outlined in the following paragraphs. 
The conservation of mass, momentum, and energy are expressed by the equations 
In addition, the relation p = p(p,Ho), which is obtained from the composition program, 
must be utilized. 
In solving this system of equations, a value of V2 is assumed so that values of 
p2, and H i  can be calculated. The quantities p2 and Hi a re  then entered into p2 
the previously described composition program. The output from the composition program 
is obtained and the density, designated p', is compared with the previously computed value 
of p2. If the difference between these densities satisfies an e r ro r  criterion, the computed 
values are accepted as being the true solution. If the e r r o r  criterion is not satisfied, 
another value of V2 is chosen and the process is repeated until a solution is obtained. 
includes values for the parameters pi, pa, T2, Pa, H i ,  (sO/R)~, N M ~ , ~ ,  012, pa,  
Once the solution is obtained, the output available from the composition program 
y2,  and a2. The Mach number is then computed from 
- v2 
NMa,2 
and the ratios p2/p1, p2/p1, and T2/T1 are obtained. 
The following scheme was  used to determine the ratios involving pt 2: Since the 
previously described free-stream properties program computed the subsonic as well as 
the supersonic properties of the gas along a constant entropy line, the subsonic properties 
can be stored in a table and later used in this program. Therefore, the values of NMa,l 
and p1/pt 1 a re  stored as N&a,2 and (p2/pt 2)'. When NMa,2 is computed from 





K described and an interpolation is accomplished to determine p p . Then the 21 t,2 
computation 
is made and the ratio 
is obtained. It should be noted that the method used in obtaining p 
inherent assumption that 6 = 0. 
made use of the 
t,2 
The subject combustion-gas flow properties, both in front of and behind the normal 
shock, are tabulated for the selected equivalence ratios in table III as a function of the 
free-stream Mach number. 
COMPUTATIONAL PROCEDURE 
The equations described on the preceding pages have been programed on the 
IBM 7094 electronic data processing system. The information in tables I and II was 
stored as input in the computer program. In addition, the thermodynamic properties 
were stored in the program in the form of the equations 
C0 
9 = A + BT + CT2 + DT3 
R 
1 1 2 1  3 E  
2 3 T 
- = A + - B T + - C T  HT" +TDT +- 
RT 
ST" 1 1 - = A  In T + B T  +-CT2 +-DT3 + F 
R 2 3 
where T is in  degrees Kelvin. The coefficients A, B, C, D, E, and F, obtained from 
reference 4, were also stored in the computer program. 
The values used in plotting the curves shown in the figures were computed at the 
selected equivalence ratios of 0.315, 0.370, 0.425, 0.480, and 0.525. Results were acquired 
at temperature increments to 1000 R (56O K) over the range from looo R (56O K) to 
60000 R (3300O K). Results were also obtained in increments of 0.2 of the ratio s/Rsp,r 
over the range from 17 to 56. Pressures used in the computations were 1000, 500, 100, 
50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005, and 0.0001 atmospheres. 
15 
CONCLUDING REMARKS 3 
Results of calculations to determine the composition and the thermodynamic, trans- 
port, and flow properties for the products of methane burned in oxygen-enriched air such 
that 20 percent oxygen is maintained in the products are presented. These results a r e  
exhibited in the form of tables and figures for equivalence ratios of 0.315, 0.370, 0.425, 
0.480, and 0.525. The pressure ranges from 0.0001 to 1000 atmospheres and the temper- 
ature from 1000 R (560 K) to 60000 R (3300O K). Flow properties both in front of and 
behind a normal shock in an isentropically expanded stream are listed in the tables. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., April 3, 1966. 
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APPENDIX A 
CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 
The International System of Units (SI) was adopted by the Eleventh General Confer- 
ence on Weights and Measures, held in Paris, October 19f30 in  Resolution No. 12 (ref. 2). 




u s .  
Customary Unit 
Enthalpy. . . . . 
Entropy. . . . . 
Specific heat . . 




constant. . . . 













joulesblogram-degree Kelvin (J/kg-'K) 
joule s/kilogr am -degree Kelvin (J/kg -%) 
degrees Kelvin (%) 
watts/meter -degree Kelvin (w/m-%) 
joules/mole -degree Kelvin (J/mole -OK) 
newton-second/meter2 (N -s/m2) 
* Multiply value given in U.S. Customary Unit by conversion factor to obtain equivalent 
value in SI unit. 
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APPENDIX B J 
EXAMPLE OF EQUIVALENT FORMULAAPPROACH AND PROCEDURE 
FOR OBTAINING INPUT DATA 
This appendix is intended to clarify the equivalent formula approach for determining 
the properties of combustion product gases and to  outline the procedure used in deter- 
mining the required computer program input data. 
Example of Equivalent Formula Approach 
The composition program used for this study was  set up to handle 17 species con- 
taining the elements H, 0, N, Ar, and C. As w a s  stated in the text, the equivalent formula 
is defined as  being one large molecule of fuel or oxidant whose elements contain the same 
number of atoms as are available in  the total fuel or total oxidant. It is noted that the 
mass of the equivalent formula is numerically equal to the molecular weight of the equiva- 
lent formula. The gram atoms of each element per gram of equivalent formula is then 
the atoms of each element divided by the molecular weight of the equivalent formula. This 
approach reduces the formula weights t o  unit masses. 
In the composition program, the general equivalent formula is written as 
where a, b, c, d, and e are to be found. If the fuel and oxidant a r e  designated by the 
subscripts f and x, respectively, the total number of atoms of each element in the reac- 
tion is 
J - . . - .  * .  
where Res is the equivalence ratio and (mf/mx)s is the mass ratio of fuel to oxidant 
at stoichiometric conditions and must be determined from the chemical equation. 
Similarly, the enthalpy of the reactants is 
The enthalpies in equation (B3) contain the chemical enthalpies and must be determined 
separately for the fuel and oxidant. The enthalpies are in joules per kilogram and the 
18 
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, gases are considered to be at 3000 K when mixed. A similar equation is used to compute 
the entropy (J/kg-OK) i f  the entropy is used as an input to the composition program. 
Procedure for  obtaining Composition Program Input Required to Maintain 
Approximately 20 Percent Oxygen in the Combustion Products 
The following procedure was used in  this study to insure that the combustion prod- 
ucts contained approximately 20 percent oxygen (by volume). However, the procedure is 
of such generality that it can be used to determine the input quantities for any percentage 
of oxygen in the products. 
It is defined that 
Total moles of 0 2  
Moles of 02 in  air 
Total mass of 0 2  
Mass of 0 2  in air 
- e =  
Mass of 0 2  in air 
Mass of air 
L =  = 0.231441 
Then 
where mtot (%) is the total mass of 0 2  and ma is the mass of air. Also 
where m is the mass of 02-in excess of that in air. The assumed composition of one 
mole of air is 
0.780900N2 + 0.2095OOO2 + 0.009300Ar + 0.00029%O2 + 0.000001H2 (B6) 
The assumed composition of one mole of air plus additional 0 2  is 
0.780900N2 + 0.20950Oeo2 + 0.009300Ar + 0.000299C02 + 0.000001H2 (B7) 
Then the equivalent formula for the oxygen-enriched air becomes 
HO. 000002°0.4 19000~+0.000598N1. 56 1800Ar0.009300C0. 000299 (B8) 
1 
The molecular weight of the oxygen-enriched-air equivalent formula % is ,EF 
19 
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= (0.41908 + 0.000598)(16) + (1.5618)(14.008) + (0.0093)(39.44) M x , ~ ~  
+ (0.000299)( 12.010) + (0.000002) (1.008) 039) 
The gram atoms per gram of equivalent formula for the enriched air oxidant is 
0.000002 ax = 
MX,EF 1 
0.4190e + 0.0006 
MX,EF 
b, = 
1.5618 cx = 
MX,EF 
0.0093 d, = 
MX,EF 
0.000299 e, = 
MX,EF 
The enthalpy of the oxidant (J/kg) is 
0 nMHo(N2) + nMHo(02) + nMHo(Ar) + nMH0(C02) H, = 
A 
nM(N2) + nM(02) + nM(Ar) + nM(C02) 
and using values of Ho obtained from reference 3 referenced to 3000 K yields 
2969.6965 + 863.93588 
22.262303 + 6.70408 Hg = ( 
For  the fuels, the definitions relating to the equivalent-formula are approached in 
the same way. The equation for the equivalent formula of a general hydrocarbon fuel is 
written as 
Thus, the molecular weight of the fuel equivalent formula Mf EF 5s 
9 .  
12.010n + 1.008m Mf,EF = 
20 
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* and the gram atoms per gram of the fuel equivalent formula are 
1 = = df = 0 
n e = -  J 
Mf,EF 
The enthalpy of CH4 (J/kg) (referenced to  300° g) used in this study is 
4’ = 1311.9748(4184) (3317) 
Stoichiometric conditions are defined as those conditions for which just enough oxy- 
gen is available to consume fully one mole of fuel. For the general fuel CnHm there 
must be 2n atoms of oxygen to combine with the carbon to form C02 and m/2 atoms of 
oxygen to  combine with the hydrogen to form HZO. Therefore, the total oxygen atoms 
required for a stoichiometric reaction are (2n + m/2). Since in the equivalent formula for 
oxygen-enriched air the available number of oxygen atoms is 0.41906’(the 0.000598 oxy- 
gen atoms in the C02 are already in combination), the number of atoms of each element 
in the enriched-air equivalent formula must be increased by a factor 
2n + m/2 
0.41906 
61 = 
in order to balance the chemical equation for stoichiometric burning. The ratio of fuel 
mass to oxidant mass at stoichiometric conditions is 
%,E, (z)s = M x , ~ ~ e i  
The following procedure is employed to find the excess of oxygen when an equiva- 
lence ratio of less than 1 is used. By definition 
Since the reaction is always considered to  proceed from 1 mole of fuel and the necessary 
oxidant, 






M x , ~ ~ e l  
Req 
mx = 
where m, is the total mass of the oxidant. The additional oxidant mass  for Req < 1 
over that for Req = 1 is 
6 (1 - Req) 
Res 
0325) 
%,EF 1 Am = mx - (mx)s = 
This Am, however, still includes mass from components in the enriched air other than 
oxygen. The mass ratio of oxygen in enriched air to the enriched air (obtained from 
eqs. (B4) and (B5)) is 
ma + m 1 + m/ma 1 + (e - l )L 
Therefore, the mass of excess oxygen available for further combustion is 
The number of moles of excess oxygen available is 
n(02)+ = Am 8L 
M ( o ~ ) [ ~  + ( e  - UL] 
where M(O2) is the molecular weight of oxygen. 
The total number of moles after reaction for the nondissociated gas is 
where (n + m/2) is the number of moles of C02 and H20 ;  (2n + m/2)/(0.4190BReq) is the 
number of moles of air; (2x1 + m/2)/(2oGq) is the number of moles of oxygen in air; and 
n(02)+ is the number of moles of excess oxygen. The percentage by volume of excess 
oxygen in the nondissociated product gas is 
n(02)+ 
Percent excess O2 = -
"tot 
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* APPENDIX B 
' Figure 14 shows the variation of this parameter as a function of Res for several values 
of 8. Figure 15 gives the flame temperatures corresponding to  several combinations of 
and 8. The cross plotting of figures 14 and 15 for the case of 20 percent excess 
oxygen gives figure 1, from which can be obtained the proper combinations of 8 and 
Req for the temperature desired, while still maintaining approximately 20 percent oxygen 
in the gas. Figure 16 presents a plot of the value of 8 required to maintain 20 percent 
oxygen in the products as a function of This figure is presented as a convenience to 




The molecular weight of the equivalent reactant can now be determined by defining 
that 
M x , ~ ~  e 1 
i- Mf ,EF m t o t = m x + m  - 
f -  Req 
where mtot is the total mass of the reactants. (It must be remembered that the reac- 
tion proceeds from 1 mole of fuel and therefore the mass of the fuel is numerically equal 
to the molecular weight of the fuel.) Then, the molecular weight of the equivalent reactant 
can be written as 
mtot 
"tt 
M r  =- 
These relationships can be used to write the equivalent reactant specific gas 
constant : 
R 
Rsp,r = M, 
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TABLE m.- NONDIMEXSIONAL FLOW PROPERTIES FOR ISENTROPICALLY EXPANDED COMBUSTION PRODUCTS 
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TABLE m.- NOW-ONAL FLOW PROPERTIES FOR  ENTROPICALLY FXPANDED COMBLEWION PRODUCTS 
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INCLUDING NORMAL-SHOCK PROPERTIES FOR SELECTED EQUIVALENCE PATIOS - Continued 
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TABLE m.- NONDWENSIOML FLOW PROPERTIES FOR ISENTROPICALLY EXPANDED COMBusIloN PRODlfCIS 
INCLUDING NORMAL-SHOCK PROPFSTJES FOR SELECTED EQUIVALENCE RATIOS - cootimted 
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TABLE m.- NONDXMENSIONAL FLOW PROPERTIES FOR ISENTROPICALLY EXPANDED COMBUSTION PRODUCTS 
INCLUDING NORMAL-SHOCK PROPERTIES FOR SELECTED EQUIVALENCE RATIOS: - Continued 
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TABLE m.- NO-ONAL FLOW PROPERTIES FOR ISENTROPICALLY EXPANDED CObfBUSI'ION PRODUCTS 
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TABLE m.- NONDIMENSIONAL FLOW PROPERTIES FOR ISENTROPICALLY EXPANDED COMBUSTION PRODUCTS 
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TABLE Ill.- NONDIMENSIONAL FLOW PROPERTIES FOR ISENTROPICALLY EXPANDED COMBUSTION PRODUCTS 
INCLUDING NORMAL-SHOCK PROPERTIES FOR SELECTED EQUIVALENCE RATIOS - Continued 
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Equivalence ratio, Re, 
Figure 1.- Equilibrium flame temperature as a function of selected equivalence ratios for approximately a-percent 
oxygen in the combustion products. p > 10 atm; initial T, 54@ R (3000 IO. 
P 
L 










a2 2= 5 




































































L .-  .- 






































































I n .- - .- 






































































V c W 
m >


















































































































































I I  
.- 




Temperature,T, O R  
Temperature , T , O K 
I I I I I I I I I I I I 400 800 1200 1600 2000 2400 2800 3200 
I I 1 I 1 
0 
(a) Req = 0.315. 







(b) Req = 0.370. 
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Temperature , T ,  "K 
(c) Req = 0.425. 
Figure 9.- Continued. 
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Temperature ,T, OR 
Temperature, T, OK 
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(d) Req = 0.480. 































Temperature, T, O R  
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0 -- 800 1200 I600 2000 2400 2800 3200 
Temperature, T, O K  
(e) Req = 0.525. 
Figure 9.- Concluded. 
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Equivalence ratio, Req 
Figure 16.- B required to maintain Bpercent oxygen in the combustion products as a function of Rw 
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